Abstract. Patterns of diatom species distribution in relation to total N (TN), total P (TP), and other environmental variables from riffle sites on 2 streams in southern Ontario, Canada, were determined using canonical correspondence analysis (CCA). Relationships with TN and TP were sufficiently strong to develop weighted-averaging (WA) regression-calibration models for inferring stream water concentrations of these nutrients. The models were accurate within Ϯ2.4 g/L for TP (apparent r 2 ϭ 0.52) and Ϯ2 mg/L for TN (apparent r 2 ϭ 0.53). An evaluation of the goodness of fit of these models with and without bootstrapping indicated that they performed better (bootstrapped r 2 ϭ 0.44 for TP and bootstrapped r 2 ϭ 0.42 for TN) than published TN and TP inference models for which similar assessments were made. Based on Organisation for Economic Cooperation and Development eutrophication ratings, the TP model predicted 76% of the mesotrophic and 57% of the eutrophic samples correctly. The model correctly predicted only 20% and 33%, respectively, of oligotrophic and hypereutrophic samples. WA inference models were improved when seasonal variation was removed by using mean summer water quality and diatom data (apparent r 2 ϭ 0.76 and bootstrapped r 2 ϭ 0.61 for TP; apparent r 2 ϭ 0.82 and bootstrapped r 2 ϭ 0.70 for TN). Overall, we conclude that epilithic diatoms can be related to TN and TP using these methods, and that WA inference models have utility for indicating eutrophication in southern Ontario lowland streams.
The use of diatom taxonomic composition to infer environmental conditions using weightedaveraging (WA) regression and calibration modeling has, until recently, largely been restricted to paleolimnological studies on lakes. In such studies, diatoms have proved to be powerful indicators of environmental change, and models can be developed to infer past water quality conditions using diatom assemblages (Dixit et al. 1992) . Sedimentary diatoms have been used extensively in studies dealing with lake acidification and recovery, and are extremely useful as indicators of pH changes in lakes (Battarbee et al. 1990 (Battarbee et al. , 1999 . More recently, diatom inference models have been developed to quantitatively infer trophic variables of lake water (e.g., Hall and Smol 1992 , Christie and Smol 1993 , Cumming et al. 1995 , Reavie et al. 1995 .
Despite the success of such approaches in lentic systems, diatom species distributions in streams in relation to environmental conditions have not been well established . There is a need to investigate the use of such 1 Present address: Dorset Environmental Science Centre, Ontario Ministry of the Environment, Dorset, Ontario, Canada P0A 1E0. e-mail: winterje@ENE. GOV. ON.CA inference approaches in streams, given that diatoms are extremely useful in river monitoring (Reavie and Smol 1997 , 1998 , Rott et al. 1998 , Winter and Duthie 1998 , Stevenson and Pan 1999 , and given the use of diatom WA regression and calibration modeling in lake studies. Pan et al. (1996) developed diatom inference models for pH and total P (TP) in highland streams in the Appalachian Mountains, and found that the relationship between diatoms and environmental variables were robust and quantifiable. To date, no such models evaluating diatom responses to N concentrations in streams have been published.
It is difficult to accurately monitor N and P levels in rivers because of transient and episodic changes in storage, transport, and inputs of these nutrients (Cattaneo and Prairie 1994) . Taking regular measurements of total N (TN) and TP and correlating them with diatom data can provide useful inference models for these nutrients. Furthermore, if samples are collected from a variety of stream sites that span gradients in N and P, species optima and tolerances calculated using WA regression and calibration can be used to develop indices of eutrophication (sensu Kelly and Whitton 1995) . To create a tro-phic index, species optima and tolerances can be classified using cluster analysis and each cluster can be assigned an ordinal or nominal rank based on species preference with respect to N and P (Lowe and Pan 1996) .
The objectives of our study were to develop and evaluate WA regression and calibration models for inferring TP and TN concentrations in 2 southern Ontario streams using the community structure of epilithic diatoms. We assessed the use of diatoms for monitoring eutrophication in these lowland streams using these methods. In addition to advancing our knowledge of the distribution of stream diatom species in relation to P concentration, we describe stream N inference models that, to date, have not been published.
Study Sites
The study sites were located on Laurel Creek (lat 43Њ28ЈN, long 80Њ28ЈW) and Carroll Creek (lat 43Њ38ЈN, long 80Њ27ЈW) in the Grand River watershed in southern Ontario (Fig. 1) . Laurel Creek is ϳ20 km long with a catchment area of ϳ74 km 2 . Land use in the upper part of the watershed is rural (sites 1-5), consisting mainly of cropland, and areas of pasture and woodland. The lower ½ of the watershed is under urban development (sites 6-9), mainly residential with some commercial and industrial sites. Sites were classified as urban if Ͼ50% of their catchment was urbanized. Carroll Creek is ϳ20 km long with a catchment area of 69 km 2 . Land use in the watershed is rural, consisting of commercial crop and livestock production, and areas of pasture and woodland. Sites were selected to span broad gradients in urban, agricultural, and wooded land typical for southern Ontario streams (Winter 1998) .
Methods

Diatoms and water chemistry
Samples of epilithic diatoms were collected monthly from sites on Laurel Creek and Carroll Creek from May to September in 1995, and from May 1996 to February 1997. Water samples were collected in HCl-rinsed plastic bottles every 2 wk from May to September and monthly over the rest of the sampling period. Soluble reactive P (SRP) was analyzed using the ascorbic acid method, after filtration through a 0.45-m membrane filter. Total P concentration was measured as PO 4 using the ascorbic acid method, following oxidation with persulfate under pressure (Parsons et al. 1984) . Total N concentration was measured as NO 3 following digestion with NaOH and H 2 SO 4 under ultraviolet light (Technicon 1984) . Alkalinity, NO 3 , NH 4 , total suspended solids (TSS), and biological oxygen demand (BOD) were analyzed using standard methods (APHA 1989) and conductivity, pH, and temperature were measured in the field.
Epilithic diatoms were collected from rock substrata in riffle sections with little shade. Samples were collected monthly by pooling rock scrapings from 3 to 5 rocks, depending on size, into a plastic container. In each case, the upper surfaces of the rocks were scraped using a knife. Samples were preserved in 10% ethanol. To prepare permanent diatom slides, subsamples were taken and treated 1st in 10% HCl for 10 min, and then in H 2 O 2 for 1 h. Samples were neutralized by rinsing with distilled water, and dried onto 22-mm square coverslips. Coverslips were mounted on slides using Hyrax or Naphrax diatom mount. Two-hundred valves were counted on each slide, and identified to species following Krammer and Lange-Bertalot (1986-1991) , Reimer (1966, 1975) , and Sims (1996) . Using a test set of 6 randomly selected samples, we determined that counting Ͼ200 valves did not appreciably reduce the variance of the counts for any of the diatom species, and only resulted in a small increase in the overall number of species recorded. Aulacoseira granulata, Asterionella formosa, Cyclostephanus dubius, and Stephanodiscus sp. were excluded from counts because they were planktonic species rather than components of the epilithon, and were found exclusively at sites on Laurel Creek downstream of impoundments. This approach was used to provide an unbiased assessment of the epilithon at the 2 sites (F. E. Round, University of Bristol, personal communication).
Data analysis
Ordination.-Diatom species were included in ordinations and calibration models if they were present in at least 3 samples and made up Ͼ1% of the count in at least 1 sample. All water-quality variables, except pH, temperature, and alkalinity, were log-transformed because of their skewed distributions. Ordinations were performed using CANOCO version 3.1 (ter Braak 1990) . Detrended correspondence analysis (DCA) was used to calculate the maximum amount of variation in the diatom data, and based on the gradient lengths obtained in this analysis (3.7 SD for the 1st axis), it was determined that a technique based on a unimodal response model would be appropriate for analysis (ter Braak and Prentice 1988) . Canonical correspondence analysis (CCA) was therefore used to evaluate relationships with environmental variables. Rare species were downweighted in all ordinations. Canonical coefficients and approximate t-tests were used to identify the variables that each explained significant directions of variance in the distribution of diatom taxa. In all CCAs, the taxon scores were scaled to be weighted averages of the site scores (ter Braak 1990) . The significance of the CCA axes was assessed using Monte Carlo permutation tests (99 random permutations). All the environmental variables used had variance inflation factors Յ5.
Unusual samples.-Before beginning the analysis, ordination was used to screen the data to detect any unusual or outlier samples. Outlier samples may have an unusual diatom assemblage or an unusual combination of environmental variables (Hall and Smol 1992 ). An outlier was detected and deleted from the final CCA and calibration model if 1) the sample score fell outside the 95% confidence limits about the sample score means in both a DCA of the species data and a principal components analysis of the environmental data in the full data set, or 2) the sample had an environmental variable with extreme (Ͼ5ϫ) influence detected by CCA.
Regression and calibration models.-The development of reliable water-chemistry inference models from diatom data requires a strong statistical relationship between diatoms and the variable to be modeled. The strengths of the relationships between TN and TP and diatoms for this data set were assessed using constrained and partially constrained CCAs (ter Braak and Verdonschot 1995). Constrained CCAs were 1st run, using TN and TP in turn as a single environmental variable. Species composition was thus constrained to 1 variable; reliable inference models can be developed if the ratio of the 1st (constrained) eigenvalue ( 1 ) to the 2nd (unconstrained) eigenvalue ( 2 ) is high (Hall and Smol 1996) . Partially constrained CCAs and Monte Carlo permutation tests (99 random permutations) were then run to examine the individual effect of TN and TP in turn on the distribution of diatom species. In this analysis, the 1st ordination axis was constrained to each variable alone after the influences of the other variables were removed (ter Braak and Verdonschot 1995).
Weighted-averaging regression and calibration were performed to calculate TN and TP optima of diatom species and develop inference models for these variables, using the computer program WACALIB version 3.3 (Line et al. 1994) . Errors associated with model inferences were estimated from 999 bootstrap cycles. Realistic optima of diatom species must be estimated along the environmental gradients of interest to develop robust and reliable WA inference models (Hall and Smol 1996) . One way to determine whether the optima are realistic is to compare goodness of fit (r 2 and root mean squared error [RMSE] of prediction) between measured versus WA-inferred values estimated with and without bootstrapping. If the goodness of fit between measured and inferred values is much weaker when estimated using bootstrapping, then the species optima are not clearly defined by the WA technique (Hall and Smol 1996) . Models were assessed using 1) the correlation between diatom-inferred values with and without bootstrapping, 2) the apparent RMSE of prediction, and 3) the bootstrap RMSE. Models were developed for the full sample set and also using mean values of the diatom and water chemistry data collected during the summer months (from May to September in 1995 and . Mean values were used to compare models when seasonal variation in diatom and environmental data was removed. To develop the subset of mean values, a series of CCAs was run to establish which month, average of months for each year or season, or overall average provided the strongest relationships between TN and TP and the diatom data.
Results
Deleting rare diatom taxa reduced the number of species in the analysis from 146 to 68; removing outlier samples further decreased the number of diatom species to 66. Of the 154 samples collected, 126 were used in the analysis.
Environmental variables and most abundant diatom taxa
Conductivity, TP, BOD, and TSS were higher in the urban area on Laurel Creek (sites 6-9) than at the other, rural sites (Table 1) . Total P was lowest at upstream sites on Carroll Creek (sites 1 and 2) and on Laurel Creek (sites 1 and 2). However, SRP concentration at rural sites was similar to or greater than the mean concentration at urban sites. Alkalinity was higher in rural sites than urban sites, in particular at upstream sites on Carroll Creek. Total N and NO 3 concentrations were generally higher in Carroll Creek, with the highest values recorded at sites 7 and 8. The ranges of TP, conductivity, and TSS were greater in urban than in rural sites.
Achnanthes minutissima and Amphora pediculus were among the 5 most abundant diatom species at most of the sites (Table 2) . Cymbella reichardtii, Achnanthes lauenbergiana, and Achnanthes conspicua were only abundant at Carroll Creek site 1, whereas Navicula tripunctata and Meridion circulare were only common at Carroll Creek site 2. Navicula cryptotenella was most abundant at several rural sites, whereas Nitzschia inconspicua and Nitzschia incognita reached high numbers only at urban sites.
The 10 most abundant diatoms overall were most abundant at low or intermediate TP ( Fig.  2) and TN (Fig. 3) . However, Amphora pediculus showed high relative abundance at high TP (Fig.  2C) . Achnanthes minutissima was common throughout the range of TN and TP and was high in abundance at all sites, in particular at high TN ( Figs 2B, 3B ). There are several varieties of Achnanthes minutissima (Krammer and Lange-Bertalot 1986-1991) , which we were unable to separate consistently. We therefore Table 3 . Arrows indicate environmental variables (biplot scores were multiplied by 2.5) that are significantly (p Ͻ 0.05) correlated with diatom distribution. COND ϭ conductivity, BOD ϭ biological oxygen demand, TN ϭ total N, ALK ϭ alkalinity, TEMP ϭ temperature, TSS ϭ total suspended solids, TP ϭ total P. grouped them in this analysis, but there would be more differentiation in the abundance of this species between sites if it were separated into the different varieties.
Canonical correspondence analysis
Eight environmental variables were identified in CCA (temperature, TSS, TP, conductivity, BOD, pH, TN, and alkalinity) that each explained significant (p Ͻ 0.05) and independent directions of variance in the diatom data along Ն1 of the first 2 CCA axes (Fig. 4) . The eigenvalues of CCA axis 1 (0.22) and CCA axis 2 (0.17) dropped somewhat from those obtained in DCA (0.53 and 0.27), indicating that the environmental variables only accounted for part of the variation in the species data extracted by DCA. When sampling month was entered as a nominal variable and used as a covariable to remove seasonal effects from the analysis, the eigenvalues extracted by CCA (0.28 and 0.17) and DCA (0.48 and 0.24) were closer, indicating that some of the unexplained variance in the species data was caused by seasonal variation in water chemistry and diatoms. However, the eigenvalues extracted by CCA were significant (p Ͻ 0.01) and the variance explained by the first 2 CCA axes was 12%, which is similar to relationships of 11 to 18% reported for other lake and stream studies . Based on the canonical coefficients and approximate t-tests, CCA axis 1 was highly correlated with TN and temperature, and CCA Axis 2 was highly correlated with TSS, TP, and alkalinity.
Urban and rural sites separated in ordination space along CCA axis 2 (Fig. 5) . Further divergence of rural sites was evident along CCA axis 1. Diatoms with a high positive score on CCA axis 2 (Fig. 4) were most indicative of conditions at urban sites and included Nitzschia incognita, Navicula schroeteri, Navicula viridula, Nitzschia solita, and Nitzschia inconspicua. Species with a high negative score on CCA axis 2 were most common at rural sites and included Achnanthes lauenbergiana, Cocconeis placentula, Cyclotella me- 
nenghiniana, Cymbella reichardtii, Diatoma tenuis, Nitzschia heufleuriana, and Gomphonema olivaceum.
Inference models for TN and TP
On assessing the strengths of relationships between TN, TP, and diatoms using constrained CCAs, it was determined that TN was slightly more correlated with diatom community structure than TP ( 1 / 2 ϭ 0.32 versus 0.21). Partially constrained ordinations and Monte Carlo permutation tests indicated significant (p Ͻ 0.01) and independent responses of diatoms to both TP and TN. The values for 1 / 2 in the constrained CCAs were slightly lower than those determined in paleolimnological TP models developed for lakes by Smol (1992, 1996) and Reavie et al. (1995) , which ranged from 0.36 to 0.44, and in a TN model developed by Christie and Smol (1993) ( 1 / 2 ϭ 0.40). However, because the relationships between diatoms and both TN and TP were significant and independent for this data set, we concluded that they were strong enough to develop inference models.
Our 126-sample calibration set reliably estimated the optima of the diatom taxa along the TN and TP gradients (Fig. 6, Table 4 ). The differences between apparent and bootstrapped correlations (r 2 ϭ 0.53 vs 0.42 for TN; 0.52 vs 0.44 for TP) and RMSEs (0.30 vs 0.30 for TN; 0.35 vs 0.39 for TP) were small when compared with TP inference models developed for streams and for lakes (Hall and Smol 1996) . However, the apparent r 2 values were lower than those in the aforementioned studies for TP (0.62 and 0.63) and in Christie and Smol (1993) for TN (0.75).
The gradient of TN ranged from 1 to 16.29 mg/L and of TP ranged from 5.36 to 214.78 g/ L (Fig. 6) . The diatom inference models provided fairly close estimates of measured TP along these gradients, accurate within Ϯ2.24 g/L (SE). For TN, however, the SE of Ϯ2.00 mg/L was relatively higher when compared with the range in measured values.
The TN and TP optima and tolerances are FIG. 6 . Relationship between measured and diatom-inferred stream (A) total N (TN) and (B) total P (TP) concentration using weighted-averaging (WA) regression and calibration models, with and without bootstrapping. The line was drawn at a 1:1 ratio.
listed for the 66 most common diatom taxa, together with the effective number of occurrences (Hill's N2) on which these tolerances are based (Table 3) . For TN, optima ranged from 1.61 mg/ L for Nitzschia amphibia to 12.13 mg/L for Nitzschia heufleuriana. Optima for TP ranged from 7.71 g/L for Achnanthes stolida to 118.85 g/L for Nitzschia solita. Taxa with low tolerances for the environmental variable of interest are considered good indicators of the variable (Lowe TABLE 3 . The optima and tolerances for total N (TN) and total P (TP) concentrations and effective number of occurences (Hill's N2) of the diatom taxa used in ordinations, and weighted-averaging regression and calibration models. Hill's N2 is an estimate of the number of samples that influence the weighted average of that species (Cumming et al. 1992 . Based on their optima and tolerances, Navicula lanceolata, Navicula schroeterii, and Nitzschia inconspicua were good indicators of high P conditions. Nitzschia amphibia, Nitzschia constricta, and Nitzschia solita were also good indicators of high P; however, these species also indicated low N conditions. Cymbella affinis was a good indicator of low P, and Navicula pupula and Nitzschia constricta were good indicators of low N. Achnanthes stolida was a good indicator of low N and low P conditions. The inference models constructed were better than those using the full data set when seasonal variation was removed from the data set by using mean summer values (Fig. 7, Table 4 ). Mean summer values were used because this subset of data provided the strongest relationships between TN and TP and the diatom data. The goodness of fit between diatom-inferred and measured log-transformed TN and TP were high, and were similar with and without bootstrapping (r 2 ϭ 0.82 vs 0.70 and RMSE ϭ 0.09 vs 0.12 for TN; r 2 ϭ 0.76 vs 0.61, RMSE ϭ 0.11 vs 0.19 for TP), indicating that species optima were estimated reliably. The gradient of TN ranged from 2.10 to 8.74 mg/L, and TP ranged from 13.16 to 154.88 g/L.
Discussion
Diatoms as indicators of stream TP and TN
Our results clearly demonstrated that epilithic diatoms could be related to TN and TP concentrations in the 2 streams. The models were reliable, although the correlations between measured and diatom-inferred TP and TN were lower than those observed in other models. The gradient of TN was small in this data set, and although the gradient of TP was larger, there were relatively few samples at the low end of the range. It is likely that both models would be improved if more sites were added to increase the range of concentrations, particularly at the low end. The addition of data would also be required to use the models further and construct indices of eutrophication. However, these models performed better than regression models constructed between nutrient concentrations and measurements of periphyton biomass (J. G. Winter, unpublished data). The best relationship obtained was between mean chlorophyll a and mean TN (r 2 ϭ 0.33, p ϭ 0.04). Relationships with TP were particularly low. The best fit was between log mean chlorophyll a and log mean TP (r 2 ϭ 0.17, p ϭ 0.16). Numerous studies have reported that nutrients, particularly P, are important for algal growth, but the development of nutrient regression and calibration models has not been particularly successful (Pan et al.1996) . In these models, the r 2 between diatom-inferred and measured TN or TP concentration was low when compared with models relating diatoms to pH (Battarbee 1990 (Battarbee , 1999 . The poor performance of these models may be caused by temporal vari- FIG. 7 . Relationship between measured and diatom-inferred stream (A) total N (TN) and (B) total P (TP) concentration using weighted-averaging (WA) regression and calibration models for mean 1995 and 1996 summer data, with and without bootstrapping. The line was drawn at a 1:1 ratio. ability in nutrient concentration, particularly in streams, and by the importance of other environmental variables in structuring diatom communities. Moreover, measured nutrient concentrations do not necessarily reflect the amounts biologically available, in which case species optima will be overestimated. Species optima will also be modified because changes in nutrient levels indirectly influence diatoms. Observed nutrient concentrations indirectly alter the com- position of diatom communities by increasing competition with other algal groups such as green and blue-green algae (Schindler 1974) . In this regard, we observed an apparent dominance of the periphyton by the green alga Cladophora sp. at some sites during the summer months. A model based solely on diatoms may not be able to predict such among-divisional shifts , which would limit the utility of the model. Changes in nutrient concentrations also modify the structure of macroinvertebrate populations and the balance between autotrophs and heterotrophs (Allan 1995, Bourassa and Cattaneo 1998) . These influences could cause measurable shifts in diatom community composition that are directly or indirectly related to N and P concentrations. Without these influences, increased nutrient concentrations might not measurably affect diatom community structure at eutrophic sites where algae are already adapted to high nutrient conditions.
Prediction of trophic status
We classified the samples according to OECD (1982) TP eutrophication ratings and evaluated the performance of the TP model in terms of its ability to predict trophic status. The model predicted mesotrophic (10-35 g/L TP) and eutrophic (35-100 g/L TP) samples correctly at a rate of 76% and 57%, respectively. These percentages seem high given the seasonal variation in the data set. The model predicted poorly for oligotrophic (Ͻ10 g/L TP) and hypereutrophic (Ͼ100 g/L TP) samples, with 20% and 33% correct predictions, respectively. However, as stated previously, most of the samples collected were mesotrophic and eutrophic, which limited the ability of the model to predict the trophic status of samples at the low and high ends of the P gradient.
A fundamental problem with using diatoms as indicators of eutrophication is the implication that shifts of diatom species in response to nutrient loading may represent only an initial phase of the response to increased nutrient levels . It has been noted, for example, that diatom assemblages become uniform at certain P concentrations (Reavie et al. 1995) . Presumably species present under high nutrient levels are tolerant of eutrophic conditions, and species composition will not respond markedly to further increases in nutrient concentrations. Because of this problem effective diatom-based inference models for TP may be limited to low and medium ranges of P concentration . Our results somewhat contradict these observations in that the models constructed proved relatively reliable despite the high proportion of eutrophic sites in the data set, although hypereutrophic sites were predicted poorly.
An overall average of measured and diatominferred TP concentrations indicated that the model predicted OECD (1982) trophic status accurately for 11 out of the 17 sites sampled. Both the N and the P models predicted particularly poorly for the sites located in areas of intense urbanization or direct cattle access. Water chemistry and physical variables other than TN and TP were probably more important in structuring the diatom community at these sites. Successful development of TN and TP diatom-inference models for streams in southern Ontario may force the selection of sites where other abiotic influences are not so extreme.
Nevertheless, the models constructed for these systems were reliable in terms of their estimation of species optima, and diatoms were generally good indicators of TN and TP. The ecological optima of the species were high when compared with those observed in other studies on lakes (Christie and Smol 1993 , Hall and Smol 1992 , Reavie et al. 1995 , which reflects the eutrophic nature of our streams. However, the P optima and tolerances of Achnanthes minutis-sima, Achnanthes lanceolata, Navicula capitata, Navicula cryptotenella, Navicula venetata, Nitzschia palea, and Nitzschia sociabilis in this study were in the ranges of values published by Pan et al. (1996) for Appalachian streams.
Growth experiments on diatoms have only been done on a limited number of species, most of which are planktonic (van Dam et al. 1994) . There is thus insufficient autoecological data to confirm the observed species optima and tolerances, or to assign experimentally determined values. Certainly, the fact that the ecological optima of these stream species, and of others listed in Pan et al. (1996) , are higher than those in the lake studies outlined above indicates the need to further investigate diatom relationships to nutrients in lotic systems. It is likely that optima and tolerances vary geographically and between habitats, and that extensive measurements over various ecoregions will be required to develop effective inference models for streams.
